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ABSTRACT
We present a detailed analysis of the spectral properties of the Seyfert 1 galaxy
1H0419−577, based on the archival XMM-Newton, NuSTAR and simultaneous Swift
observations taken between 2002-2015. All the observations show a broad emission
line feature at the iron band. We demonstrate that the broad band spectral variability
at different levels can be explained by the combination of light-bending effects in the
vicinity of the central black hole plus a thin warm absorber. We obtain a black hole
spin of a > 0.98 by fitting the multi-epoch spectra with the relativistic disc reflection
model. 1H0419−577 is accreting at 40% of its Eddington limit and its X-ray band
shows the hardest powerlaw continuum in the highest flux state, which was previously
more commonly seen in AGNs with a low accretion rate (e.g. Lx/LEdd < 10−2). The
NuSTAR observation shows a cool coronal temperature of kT = 30+22−7 keV in the high
flux state.
Key words: accretion, accretion discs - black hole physics, X-ray: galaxies, galaxies:
Seyfert
1 INTRODUCTION
In General Relativity, the spacetime geometry around a
black hole (BH) is described by the Kerr solution (Kerr 1963)
assuming charge neutrality, where the black hole is charac-
terized by its mass MBH and its dimensionless spin parame-
ter a∗ = a/MBH = Jc/GM2BH (where J is the angular momen-
tum). The dimensionless spin parameter affects the space-
time around BHs in either X-ray Binaries (MBH ≈ 5−20M),
or in Active Galactic Nuclei (AGNs) (MBH ≈ 106−10M), in
a similar behavior once the distance, timescale and lumi-
nosity scaled up by the corresponding BH mass (McHardy
et al. 2006; Walton et al. 2012). BH spin is important for
a variety of areas of BH research. For example, it has been
suggested that the BH spin may be involved in powering jets
(Blandford & Znajek 1977). From the fundamental physics
point of view, possible generic deviations to the Kerr metric
tend to have similar effects on the electromagnetic spectrum
as the spin parameter (e.g. Johannsen & Psaltis 2010; Jiang
et al. 2015), although no clear evidence of large deviations
has been seen so far (e.g. Bambi et al. 2018).
? E-mail: jj447@cam.ac.uk
One method of measuring black hole spins is using rela-
tivistic reflection spectroscopy. This approach has been ap-
plied to both the stellar-mass BHs in X-ray binaries and
the supermassive black holes (SMBH) in AGNs. The cen-
tral assumption of this method is that the inner edge of the
accretion disc around the central BH is located at the inner-
most stable circular orbit (ISCO). The measurement of the
spin is based on the simple positive correlation between the
spin and ISCO: RISCO = 6Rg for Schwarzschild black hole
(a∗ = 0) and decreases to RISCO = 1Rg for a maximumly
spinning Kerr black hole (a∗ ≈ 1; Bardeen et al. 1972). The
accretion disc is irradiated by a high temperature compact
structure external to the disc, producing a reflected compo-
nent called the disc reflection spectrum. This high tempera-
ture structure is called the corona. The disc reflection spec-
trum consists of broad emission lines and a Compton back-
scattered continuum. The emission line features are broad-
ened by strong Doppler effects and gravitational redshifts
in the vicinity of BHs. The most prominent broad emission
line feature is the broad iron Kα emission line, which has
now been seen in various AGNs, such as MCG-6-30-15 (e.g.
Tanaka et al. 1995; Wilms et al. 2001; Fabian & Vaughan
2003; Marinucci et al. 2014b), 1H0707-495 (e.g. Fabian et al.
© 2018 The Authors
ar
X
iv
:1
81
1.
10
93
2v
1 
 [a
str
o-
ph
.H
E]
  2
7 N
ov
 20
18
2 J. Jiang
2004, 2009), Mrk 335 (e.g. Larsson et al. 2008; Gallo et al.
2013; Walton et al. 2013; Parker et al. 2014), NGC 3783
(e.g. Brenneman et al. 2011; Reis et al. 2012), NGC 1365
(e.g. Risaliti et al. 2013; Walton et al. 2014), IRAS 00521-
7054 (e.g. Tan et al. 2012; Ricci et al. 2014, Walton et al.
in prep), and Swift J2127.4+5654 (e.g. Miniutti et al. 2009;
Marinucci et al. 2014a).
1H0419−577 (z=0.104, Thomas et al. 1998) is confirmed
to be a Seyfert 1 galaxy (Guainazzi et al. 1998). The centre
of 1H0419−577 hosts a supermassive black hole with MBH =
1.3×108M by measuring its Hβ line width (FWHM = 2580±
200 km s−1 Grupe et al. 2010).
A highly variable soft band (<2 keV) has been found in
1H0419−577 with ROSAT (e.g. Guainazzi et al. 1998). Also
a variable power-law continuum emission in the high en-
ergy band was noticed in later XMM-Newton observations
(Pounds et al. 2004a,b; Pounds 2005). A long XMM-Newton
observation in 2010 shows a thin, lowly ionized warm ab-
sorber in its high resolution grating spectrum (Di Gesu et al.
2013). By fitting the XMM-Newton spectrum at an extreme
low flux state with the relativistic reflection model, Fabian
et al. (2005) obtained a disc inner radius of rin < 2rg, in-
dicating a black hole spin of a∗ > 0.95. Similarly, Walton
et al. (2013) obtained a black hole spin measurement of
a∗ > 0.88 by analyzing its Suzaku observation which also
shows a broad iron Kα emission line at a high X-ray flux
state. No significant evidence of a fast outflow has been
found in 1H0419−577 (Tombesi et al. 2010). A possible low
coronal temperature has been reported by fitting the hard
X-ray NuSTAR spectra with an absorption model (Turner
et al. 2018). However Parker et al. (2015) studied the prin-
cipal components in the X-ray variability of 1H0419−577,
finding that the suppression of the primary component at
the iron band and low energies cannot be explained by vari-
able absorption models.
In this work, we study the inner BH accretion disc in
1H0419−577 by analyzing its different X-ray flux states cap-
tured by all the archival XMM-Newton and NuSTAR ob-
servations and try to explain the spectral variability with
light-bending effects. A robust measurement of the relativis-
tic parameters, including the black hole spin a∗ and the disc
viewing angle i, is obtained by conducting a multi-epoch
spectral analysis and running Markov chain Monte Carlo
(MCMC) chains.
2 DATA REDUCTION
1H0419−577 was observed by a series of 12-18 ks XMM-
Newton short looks in 2002 and 2003. Two longer XMM-
Newton observations were obtained in 2010 with a total
exposure of ≈ 160 ks. Note that during one of the XMM-
Newton observations (Obs ID 0148000701), the EPIC-pn ex-
posure is dominated by a high flaring particle background,
and thus ignored for this work. The hard X-ray satellite NuS-
TAR observed 1H0419−577 for a net exposure of 170 ks in
2015 with a simultaneous 2 ks Swift short look. A list of all
the observations considered in this work is shown in Table
1. In this section, we introduce our data reduction process
for all these observations.
Table 1. The list of the observations analyzed in this work. The
exposure time for the XMM-Newton observations is clean of the
time intervals of high flaring particle background. LW: large win-
dow mode; SW: small window mode; PC: photon counting mode.
Satellite Obs ID Start Date Exp(ks) Mode
XMM (pn) 0148000201 2002-09-25 11.5 LW
0148000301 2002-12-27 0.3 LW
0148000401 2003-03-30 11.0 LW
0148000501 2003-06-25 5.8 LW
0148000601 2003-09-16 11.3 LW
0604720301 2010-05-30 71.0 SW
0604720401 2010-05-28 42.3 SW
NuSTAR 60101039002 2015-06-03 170 -
Swift (XRT) 00081695001 2015-06-03 2.2 PC
2.1 XMM-Newton data reduction
The XMM-Newton data are reduced using the XMM-
Newton Science Analysis System (SAS) V15.0.0 and cali-
bration files (ccf) v.20160201. We only consider EPIC-pn
data in this work. The tool EPPROC is used to create clean
calibrated event lists. We filter the data for flaring parti-
cle background and the background-dominated intervals are
defined as the intervals where the single event count rate in
the 10–12 keV band larger than 0.4 counts s−1. The spectra
are extracted using the tool EVSELECT, selecting both the
single and double events in a circular region with a radius of
35 arcsec. Background regions are chosen on the same chip
in the region to avoid any issues due to background Cu K
emission lines from the electronic circuits on the back side
of the detector1. A circular background region with a ra-
dius of 50 arcsec in a source-free region near the source is
used for observations in the small window (SW) mode (ob-
sID 0604720301-0604720401). None of XMM-Newton obser-
vations suffer from obvious pile-up effects. The ARFGEN
and RMFGEN tasks are used to generate redistribution ma-
trix files and auxiliary response files. We concentrate on the
EPIC-pn spectra in the energy range of 0.5–10 keV for multi-
epoch spectral analysis, due to its high effective photon col-
lecting area. The XMM-Newton spectra are grouped to have
a minimum number of 50 counts per bin.
2.2 NuSTAR data reduction
1H0419−577 was observed by the NuSTAR satellite in 2015
for ≈ 170 ks. The NuSTAR data are reduced using the stan-
dard pipeline NUPIPELINE V0.4.6 and instrumental re-
sponses from NuSTAR caldb V20171002. We extract the
source spectra from circular regions with radii of 100 arcsec,
and the background spectra from nearby circular regions on
the same chip. The tool NUPRODUCTS is used for this
purpose. The 3-78 keV band is considered for both FPMA
and FPMB spectra. The FPM spectra are grouped to have
a minimum number of 50 counts per bin.
1 See following link for more details. https://xmm-
tools.cosmos.esa.int/external/xmm user support/documentation/uhb
/epicintbkgd.html
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Figure 1. The 3-10 keV light curves of the archival XMM-Newton
(red and blue) and NuSTAR (green) 1H0419−577 observations in
2 ks bin. The first series of XMM-Newton observations in 2002-
2003 (red) show that the source is at the lowest flux state. The
second 160 ks XMM-Newton observation in 2010 (blue) shows an
intermediate flux state. The NuSTAR (green) observations show
a higher flux state.
2.3 Swift data reduction
One short Swift observation was taken during the NuSTAR
observation in 2015. The XRT was operated in the photon
counting (PC) mode for ≈ 2 ks. The calibration file version
used is 20160609. The source spectrum is extracted from a
circular region with a radius of 50 arcsec and the background
spectrum is extracted from a circular region with a radius
of 200 arcsec nearby. The spectrum is binned to have a min-
imum count of 50 per bin. The averaged count rate is only
0.36 counts s−1 in the 0.5–6 keV band, which is lower than
the pile-up threshold.
3 BROAD BAND SPECTRAL ANALYSIS
The 3–10 keV band lightcurves of all the observations in 2 ks
bin are shown in Fig. 1. The first series of XMM-Newton ob-
servations in 2002 and 2003 was taken when the source is at
the lowest flux (LF, red in figures) level among the observa-
tions analyzed in this work; a longer XMM-Newton look of
the source in 2010 show a middle flux (MF, blue in figures)
state; the NuSTAR observation shows a high flux (HF, green
in figures) state. The HEASARC tool ADDSPEC is used to
make a stacked spectrum for each of the three flux levels,
along with corresponding background spectra and response
matrix files. All the spectra are grouped to have a minimum
count of 50 per bin.
The spectra of all the observations considered in this
work unfolded through a constant model are shown in Fig. 2.
The soft band (e.g. 0.5–2 keV) shows a larger flux variability
(2 times) than the iron band (1.4 times). The simultaneous
HF Swift spectrum is shown in grey points in figures here-
after. The MF EPIC-pn spectrum and the HF FPM spectra
show a similar continuum at the iron band with a small dif-
ference on the flux level. However the spectral shape below
2 keV is very different in MF and HF spectra. The HF Swift
XRT spectrum shows a dip feature at 0.6–0.8 keV compared
to the MF EPIC-pn spectrum. In this section, we initially
focus on the spectral fitting of the broad band LF and HF
state spectra - which represent the extremes of the observed
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Figure 2. The unfolded spectra of all the observations considered
in this work against a constant model . Red: LF XMM-Newton
EPIC-pn spectrum; blue: MF XMM-Newton EPIC-pn spectrum;
green and light green: HF NuSTAR FPMA and FPMB spectra;
grey: HF Swift XRT spectrum.
spectral variability - to provide a model template for the
subsequent multi-epoch spectral analysis.
XSPEC V12.10.0.C (Arnaud 1996) is used for spectral
analysis, and χ2 is considered in this work. The Galac-
tic column density towards 1H0419−577 is fixed at NH =
1.34 × 1020 cm−2 (Willingale et al. 2013). The photoioniza-
tion cross section is from Balucinska-Church & McCammon
(1992) and He cross section is from Yan et al. (2001). The
solar abundances of Wilms et al. (2000) were used. For local
Galactic absorption, the tbnew model (Wilms et al. 2000)
is used. An additional constant model constant has been
applied to vary normalizations between the simultaneous
spectra obtained by different instruments to account for cal-
ibration uncertainties. The following cosmology constants
are considered: Ho = 73 km s−1 Mpc−1, Ωmatter = 0.27, and
Ωvacuum = 0.73. Errors are calculated by estimating the 90%
confidence range of parameters using the ERROR command
in XSPEC.
3.1 XMM-Newton Low Flux State Spectral Analysis
Firstly, we fit the 2–10 keV band with a Galactic absorbed
powerlaw model and extend the ratio plot to 0.5 keV with-
out changing the fit. The ratio plot is shown in the top left
panel of Fig. 3. It shows a very strong soft excess below
2 keV. The right panel shows the zoom-in of the iron band.
A broad emission line is visible between 4 and 10 keV. By fit-
ting the emission feature with a simple gaussian line model
zgauss with the rest frame energy of the Fe Kα emission
line (Eline = 6.4 keV) and the redshift fixed at the source
redshift, we obtained a best-fit line model with a line width
MNRAS 000, 1–11 (2018)
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Figure 3. The ratio plots of three flux state spectra against Galactic absorbed power-law models. All three sets of spectra show an
iron emission line profile at the iron band and strong soft excess at the low energy band. The HF state spectra show a low high-energy
turnover.
of σ = 0.39+0.20−0.12 keV and an equivalent width of 130 ± 10 eV.
No additional narrow line component is required.
Secondly, we fit the LF spectrum with the relativistic re-
flection model relxillcp (V1.0.4) (Dauser et al. 2013; Gar-
c´ıa et al. 2014), following the indications in Fabian et al.
(2005) and Walton et al. (2013). The relativistic reflection
model relxillcp calculates the relativistic disc reflection
spectrum given a thermally compotonized continuum, nth-
comp (Zdziarski et al. 1996; Z˙ycki et al. 1999). A temper-
ature (low energy rollover) of kT0 = 0.05 keV and a disc
blackbody distribution is assumed for the seed photons. The
relativistic effects, including both the Gravitational Redshift
and the relativistic Doppler Effects, are all included in the
relxillcp model (Dauser et al. 2013). We assume a sim-
ple broken power-law shaped emissivity profile for simplic-
ity. The reflection fraction parameter is defined as the ratio
of intrinsic intensity emitted from the corona towards the
disc compared to the observer (Dauser et al. 2016). The
coronal electron temperature kT is fixed at a high value
(100 keV) because of the lack of high-energy coverage dur-
ing this epoch. The relxillcp model gives a good fit with
χ2/ν=887.90/819. The ratio plot against the best-fit rela-
tivistic reflection model shows a weak absorption feature
between 0.6–0.9 keV. See the top panel of Fig. 4.
Finally, by following the discovery of a weak and cool
warm absorber by Di Gesu et al. (2013), we also fit the
absorption feature in the soft band with a warm absorber
model. We constructed custom ionized absorption grids with
xstar (Kallman & Bautista 2001). The grids are calcu-
lated assuming solar abundances, a fixed turbulent veloc-
χ2/ν=844.61/817	xstar*relxillcp
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Figure 4. The ratio plot of the LF spectrum against the best-
fit relxillcp (top) and xstar*relxillcp (bottom) model. An
additional warm absorber can improve the fit at the <1 keV band
(grey shaded region).
ity of 200 km −1, and an ionzing luminosity of 1043 erg s−1.
A power-law input spectrum with a photon index of Γ = 2
is used. Free parameters are the column density NH and
MNRAS 000, 1–11 (2018)
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Table 2. The best-fit xstar*relxillcp parameters for the LF
and HF spectra respectively. q1 and q2 are the inner and outer
emissivity index respectively.
Model Parameter LF HF
xstar NH (1021 cm−2) 1.5 ± 0.3 <7.0
log(ξ′/erg cm s−1) 1.40+0.04−0.13 <1.8
relxillcp q1 > 6 > 7.1
q2 3.9+0.6−0.7 3.3 ± 0.4
Rbreak (rg) 2.1+1.0−0.3 3.1 ± 0.8
a∗ >0.98 >0.96
i (deg) 22+7−4 28
+6
−9
Γ 2.06+0.02−0.04 1.76 ± 0.09
log(ξ/erg cm s−1) 0.9 ± 0.5 3.0+0.2−0.3
ZFe (Z) 0.8+0.7−0.4 0.7
+0.8
−0.2
kT (keV) 100 (fixed) 27+43−3
frefl 10+3−2 3.2
+0.3
−1.2
χ2/ν 844.61/817 964.44/954
log ξ ′2. This warm absorber improves the fit by ∆χ2 = 23
with 2 more free parameters. See Fig. 4. An ionization state
of log ξ ′ = 1.40+0.04−0.13 is required for the warm absorber. The
additional warm absorber fits the absorption feature with a
series of low ionized absorption lines, such as Oiv-vi lines
and does not significantly change the key parameters of the
continuum model. The best-fit parameters can be found in
Table 2 and the ratio plot can be found in the bottom panel
of Fig. 4.
An additional distant reflector xillver (Garc´ıa et al.
2013) was added for further test. All the parameters of the
distant reflection component are linked to the correspond-
ing parameters in the relativistic disc reflection component,
except the normalization and the ionization parameter. An
additional distant reflection component only improves the fit
by ∆χ2 = 4 with 2 more free parameters. The normalization
of the xillver is < 1.0×10−5 with 90% confidence level. We
conclude that no additional narrow reflection components
are required in our analysis.
The current version of relxillcp assumes a con-
stant electron density ne = 1015 cm−3 for the top layer
of the BH accretion disc. However, recent spectral analy-
sis of both Seyfert 1 AGNs with strong soft excess (e.g.
IRAS 13224−3809, Jiang et al. 2018) and XRBs (CygX-1 in
the intermediate state, Tomsick et al. 2018) show that the
electron density assumed in the reflection model can have
an important effect on some of the results obtained from
spectral fitting. A more developed version relxillD (Gar-
c´ıa et al. 2016) which allows the density to vary to between
ne = 1015 and 1019 cm−3 is used to test any possible high
electron density in 1H0419−577. A simple power-law shaped
continuum is assumed for the coronal emission in relxillD.
The same parameters are allowed to vary during the fit and
we obtained ne < 1015.3 at a 90% confidence level. The high
density reflection model only improves the fit by ∆χ2 = 4
with one more free parameter compared to relxillcp. We
2 The prime symbol is to distinguish the warm absorber ioniza-
tion parameter from the disc ionization parameter log(ξ). The
ionization ξ is in unit of erg cm s−1.
conclude that no higher electron density than ne = 1015 cm−3
is required for the spectral fitting. This result is appropriate
for a disc around a BH of mass > 108M, as in the case for
1H0419−577 – a disc electron density of ne < 1016 cm−3 is
expected at r = 20rg away from a BH with MBH > 108M
according to the solution by Svensson & Zdziarski (1994).
See Fig. 1 in Garc´ıa et al. (2016) for instance.
We checked the constraints of all the parameters ob-
tained in the LF spectral analysis by using the MCMC algo-
rithm. The XSPEC/EMCEE code by Jeremy Sanders based
on the python implementation (Foreman-Mackey et al. 2013)
of the Goodman-Weare affine invariant MCMC ensemble
sampler (Goodman & Weare 2010) was used for this pur-
pose 3. We use 100 walkers with a length of 25000, burning
the first 1000. A convergence test has been conducted and
the Gelman-Rubin scale-reduction factor R < 1.3 for every
parameter. No obvious degeneracy was found. The contour
plots of the two relativistic parameters a∗, i and the disc
iron abundance ZFe are shown in the left panel of Fig. 5.
By fitting only the EPIC-pn low flux state spectrum with
relxillcp, we obtained a∗ > 0.98 and i = 22+7−4 by running
the ERROR command in XSPEC, which are consistent with
our MCMC analysis.
3.2 NuSTAR and Swift high flux state spectral
analysis
The NuSTAR and simultaneous Swift observations are taken
when the source is in a high flux state (see Fig. 2 for the
unfolded spectra). We first fitted the NuSTAR FPM and
Swift XRT spectra simultaneously with a Galactic absorbed
power-law model. The ratio plot is shown in the bottom
panel of the Fig. 3. A broad emission line feature is shown at
the iron band with the low energy tail extending to 5 keV. By
fitting the broad emission line feature with a simple gauss
model, the fit is improved by ∆χ2 = 68 with 3 more free
parameters. The ratio plot against a power-law model also
shows a Compton hump above 10 keV and a very low energy
turn-over above 30 keV (see the bottom right panel for the
zoom-in of the FPM spectra).
Following the analysis of the LF state spectrum in Sec-
tion 3.1, we fitted the HF spectra with the same model
as in Section 3.1. An additional constant model is added
in XSPEC to account for cross-calibration uncertainty. xs-
tar*rexillcp offers a good fit with χ2/ν = 964.44/954. The
warm absorber fits the absorption feature at 0.6–0.8 keV,
similar to the warm absorber in the LF state spectrum. How-
ever, due to a low signal-to-noise of the XRT spectrum, we
only obtained an upper limit on the column density and the
ionization of the warm absorber.
We conducted a similar MCMC analysis for this fit as
in Section 3.1. The constraints of the spin, the disc viewing
angle, and the disc iron abundance are shown in the middle
panel of Fig. 5. The constraints on the three parameters are
weaker compared to the fit of the LF spectrum but consis-
tent within 1σ uncertainty range. These quantities are not
expected to vary on observable timescales, and so this gives
us added confidence in our results. The low energy turn-over
3 The code can be found on following page.
https://github.com/jeremysanders/xspec emcee
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Figure 5. Output distributions for the MCMC analysis of the best-fit models of the broad band spectra of 1H0419−577. Contours
correspond to 1, 2 and 3σ. Only the spin a∗, the disc viewing angle i, and the disc iron abundance ZFe are shown here. Left: only the
LF XMM-Newton EPIC-pn spectrum; middle: only the HF NuSTAR and Swift spectra; right: multi-epoch spectral analysis of three flux
state spectra.
Figure 6. Same as Fig. 5 but for the disc reflection fraction and energy cutoff parameters. Left: only the NuSTAR and Swift (HF)
spectra; right: multi-epoch spectral analysis of all three flux state spectra.
shown in the bottom panel of Fig. 3 could be due to either
a low energy cutoff in the coronal emission or the Compton
hump in a reflection dominated spectrum. A contour plot
on the coronal electron temperature kT and the disc reflec-
tion fraction frefl parameter plane is shown in the left panel
of Fig. 6. Note that there is a weak degeneracy at 3σ confi-
dence level. However, the reflection fraction is constrained at
a low value frefl < 3 within 1σ uncertainty range, precluding
a reflection dominated scenario.
3.3 Multi-epoch spectral analysis
In previous sections, we have obtained a good fit for
1H0419−577 LF and HF state spectra by using the com-
bination of a warm absorber and a relativistic disc reflec-
tion model xstar*relxillcp. The analysis has found con-
sistent results of the key reflection parameters (spin, disc
viewing angle, iron abundance). In this section we therefore
undertake the multi-epoch spectral analysis of all three flux
state spectra to more robustly probe the spectral variability
shown by this source.
Table 3. The same as Table 2 but for the multi-epoch joint spec-
tral fitting. The flux of the best-fit model is calculated by using
cflux model in XSPEC at 1–10 keV band in erg cm−2 s−1.
Parameter LF MF HF
NH (1021 cm−2) 1.1 ± 0.2 <0.15 <1.3
log(ξ′/erg cm s−1) 1.40+0.04−0.13 <1.8 <1.8
q1 5.7+2.3−0.5 5 ± 2 7.8+1.2−0.3
q2 2.7+0.2−0.3 4.6
+0.5
−0.2 3.1
+0.2
−0.4
Rbreak (rg) 5.5+0.2−1.2 <12 4.2
+0.2
−1.8
a∗ >0.987
i (deg) 26+8−4
Γ 2.07+0.02−0.05 2.308
+0.008
−0.011 1.887
+0.063
−0.007
log(ξ/erg cm s−1) 1.04+0.07−0.11 <0.03 2.85+0.03−0.15
ZFe (Z) 0.7+0.5−0.3
kT (keV) 30+22−7
frefl 10+4−2 5.3
+1.2
−0.2 2.8
+1.0
−1.3
log(F1−10 keV) −10.914+0.003−0.002 −10.740+0.001−0.002 −10.70 ± 0.01
χ2/ν 3337.79/3272
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Figure 7. Top: the best-fit xstar*relxillcp model for three sets of spectra (red: LF; blue: MF; green: HF) obtained in the multi-epoch
spectral analysis. The dashed lines show the best-fit unabsorbed coronal emission model nthcomp modelled in relxillcp; the dotted
lines show the best-fit unabsorbed disc reflection component. Bottom: three ratio plots of three flux state spectra against the best-fit
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Figure 8. The ratio plot of MF and HF spectra against the
best-fit relxillcp model obtained by fitting the MF EPIC-pn
(blue) and HF FPM spectra (green) simultaneously at the 3–
78 keV band (grey shaded region). The plot is extended to 0.5 keV
without changing the model. See text for more details.
The same disc reflection model relxillcp was used.
The BH spin parameter, the disc viewing angle, and the disc
iron abundance are not expected to vary in the time scale of
our observations and they are linked during the joint spectral
analysis. The LF and MF state XMM-Newton observations
were taken with lack of simultaneous high energy observa-
tions above 10 keV. We therefore also linked the coronal
electron temperature parameter kT for all three flux state
spectra. The best-fit continuum model parameters for the
lower flux state spectra obtained after linking the coronal
temperature parameters are consistent with the values ob-
tained by fitting them alone within their 90% confidence
errors. The other parameters are all allowed to vary during
5σ
4σ
3σ
2σ
1σ
Δχ
2
10
20
30
40
NH	(1021cm-2)
0.1 1 10
Figure 9. The χ2 contour plot for the column density of the warm
absorber in the multi-epoch joint spectral analysis (red: LF; blue:
MF; green: HF). The 1–5σ measurement rage is marked in dotted
lines.
the fit. The best-fit model parameter values are shown in
Table 3. The best-fit xstar*relxillcp models and the ra-
tio plot against the best-fit models are shown in Fig. 7. A
similar MCMC analysis has been conducted for the multi-
epoch spectral analysis as in previous sections. 200 walkers
are used for a larger number of degrees of freedom to keep
the Gelman-Rubin scale-reduction factor R < 1.3 in the con-
vergence test. The constraints on the relativistic parameters
and ZFe, and a kT and frefl are shown in the right panels of
Fig. 5 and Fig. 6 respectively. The parameter measurements
given by running ERROR command in 90% confidence level
are all consistent with MCMC analysis results.
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By combining all three flux state spectra, we obtained
a close-to-maximum black hole spin of a∗ > 0.987 and a disc
viewing angle of i = 26+8−4
◦. By fitting the Suzaku observation
with a similar model, Walton et al. (2013) obtained a view-
ing angle of ≈ 45◦ and a weaker spin constraint a∗ > 0.89.
The difference between the two inclination angles could be
due to the model development or instrumental systematic
uncertainty (see discussion in Brenneman 2013) or stacking
two different observations at different flux and ionization
states.
A very high reflection fraction frefl ≈ 10 is obtained for
the LF state while a lower reflection fraction frefl ≈ 3 − 6 is
measured for the HF and MF state. The light-bending model
can potentially explain the higher reflection fraction found
in the LF state of 1H0419−577. In the light-bending model,
more primary continuum photons will be lost to the BH and
the trajectories of photons will be bent towards the central
object when the corona is closer to the BH (e.g. the LF
state in 1H0419−577 corresponds to the reflection dominated
regime I or I/II in Miniutti & Fabian 2004). In order to
rule out the possibility that the frefl obtained above is only
due to the variable soft excess, we fitted all three spectra at
the 3–10 keV band with a simple tbabs*(powerlaw+zgauss)
model, where zgauss accounts for the broad Fe Kα emission
line at the iron band. The redshift z of the zgauss model
is fixed at the source redshift and the rest-frame energy is
fixed at 6.4 keV. The equivalent widths of the best-fit zgauss
against the simple Galactic power-law continuum are 130 ±
10 eV for the LF state, 62+23−41 eV for the MF state, and
78+23−21 eV for the HF state. A higher equivalent width of
the Fe Kα emission line at the LF state matches the result
obtained by fitting the broad band spectra.
A thin and low ionisation warm absorber with a col-
umn density of NH ≈ 1021 cm−2 and an ionization state of
log(ξ) ≈ 1.5 is required to fit the dip features in the LF state
spectra. A χ2 contour plot for the warm absorber column
density is shown in Fig. 9. We can conclude that no warm ab-
sorber or at least an even smaller column (NH ≈ 1020 cm−2)
is required for the MF state. The result matches the RGS
spectral analysis of the MF observations (NH ≈ 1019.9 cm−2)
in Di Gesu et al. (2013). The warm absorber in the HF state
can account for the spectral difference between the MF and
HF spectra at the 0.6–0.8 keV band, in addition to the con-
tinuum variability.
3.4 Further comparison between the MF and HF
spectra
The HF FPM and MF EPIC-pn spectra show a similar spec-
tral shape with only 15% different flux level in the 3–10 keV
band, although two observations were taken 5 years apart.
However in the soft band (<2keV), the HF XRT and the MF
EPIC-pn observations show a very different spectral shape.
See Fig. 2 for the unfolded spectra. By modelling the spec-
tra with warmabs*relxillcp, we found that both the disc
reflection component and the warm absorber need to be vari-
able to account for the large spectral variability below 2 keV
despite a similar spectral shape at the iron band. For exam-
ple, different photon index Γ, different column of the warm
absorber NH, and different disc ionization state ξ. are all
required in the multi-epoch spectral fitting.
However there might be other solutions to the soft band
spectral variability. For instance, only a different warm ab-
sorber can account for the soft band spectral variability with
a similar disc reflection and coronal emission for both two
flux states. In order to test this scenario, we first ignored
the HF XRT spectrum, and fitted the MF EPIC-pn spec-
trum (3–10 keV) and the HF FPM spectrum (3–78 keV)
simultaneously with the same relxillcp model. An addi-
tional constant model in XSPEC is used to account for the
flux difference between two epochs. We obtained a good fit
with χ2red = 1.10. The best-fit relxillcp requires a photon
index of Γ ≈ 1.87, an ionization of log(ξ) ≈ 2.7, a reflection
fraction of frefl ≈ 3.3, a black hole spin of a∗ > 0.96, and
a disc viewing angle of i ≈ 28◦. The best-fit model is sim-
ilar with the best-fit continuum model obtained by using
warmabs*relxillcp in Section 3.2. The ratio plot extended
to 0.5 keV without changing the fit is shown in Fig. 8. The
HF XRT spectrum is added for reference in the figure. First,
we notice that the best-fit relxillcp fails to fit the hard
band of the MF EPIC-pn spectrum with 20% residuals above
7 keV. It indicates a different emissivity profile is required
for the relativistic disc line modelling. Second, by extending
the ratio plot to 0.5 keV without changing the fit, the best-
fit relxillcp model obtained by fitting the hard band fails
to fit the soft excess of the MF EPIC-pn spectrum but more
agrees with the HF XRT spectrum. The fit of the HF XRT
spectrum can be improved by fitting the remaining residu-
als shown in Fig. 8 with an additional thin warm absorber
(see Section 3.2). We therefore conclude that both a variable
continuum model relxillcp and and a variable thin warm
absorber warmabs are required to account for the spectral
variability below 2 keV.
4 DISCUSSION AND CONCLUSIONS
We fitted all three flux state spectra of the Seyfert 1
1H0419−577 successfully with a combination of a thin warm
absorber and a variable relativistic disc reflection model. In
this section, we discuss the accretion rate of the disc, the
black hole spin obtained by fitting the multi-epoch broad
band spectra with relativistic disc reflection model, the
broad band spectral variability, and the properties of the
cool corona region.
4.1 Eddington ratio estimation
We calculated the Eddington ratio λEdd by applying an aver-
aged bolometric luminosity correction factor κ = 20 (Vasude-
van & Fabian 2007) to the 2–10 keV band absorption cor-
rected luminosity 2.45 ∼ 3.84×1044 erg s−1. A black hole mass
of MBH = 1.3× 108M (Grupe et al. 2010) is considered. We
obtained λEdd = κLx/LEdd ≈ 20 × 0.015 ∼ 0.024 = 0.30 ∼ 0.48.
Note that the bolometric luminosity correction factor κ can
be even higher than 20 when the λEdd is at a high value.
We therefore conclude that the disc around the SMBH in
1H0419−577 is accreting at an accretion rate approaching
the Eddington limit.
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4.2 Black hole spin measurement
Previously, Walton et al. (2013) obtained a BH spin of
a > 0.88 by fitting the Suzaku observation of 1H0419−577
at high flux state with relativistic disc reflection model re-
flionx and Fabian et al. (2005) obtained an inner accretion
disc radius of Rin < 2Rg by fitting the low flux state spectra
captured by XMM-Newton with an ionized reflection model
convolved with kdblur and concluded a spin of a > 0.95. In
this work, we have conducted a robust measurement of the
central BH spin by conducting careful MCMC analysis and
obtained a black hole spin of a∗ > 0.987 (see the right panel
of Fig. 5 for MCMC analysis). By excluding the spectra be-
low 3 keV where the strong soft excess is, we still obtained
a high black hole spin of a∗ > 0.96 (see Section 3.4).
1H0419−577 is a Seyfert 1 galaxy hosting a SMBH with
MBH > 108M (Grupe et al. 2010). A significant fraction
of the SMBH spin measured by using relativistic reflection
spectroscopy are very close to the maximum (e.g. see the
sample list in Brenneman 2013; Walton et al. 2013). By com-
piling the AGN spin measurements obtained through reflec-
tion spectroscopy in the literature, Reynolds (2014) pointed
out that there is tentative evidence that the most massive
black holes (MBH > 108M) and the least massive black holes
(MBH < 106M) may have more modest spins. One of the
possible explanations is the effect of host galaxy properties
on the evolution of the black hole spin (Sesana et al. 2014).
However, 1H0419−577 shows both a high black hole spin and
a large black hole mass (≈ 108M).
4.3 The spectral variability
In previous section, we introduce the spectral analysis of
3 different flux states captured by XMM-Newton, Swift
and NuSTAR observations. The soft band (0.5–2 keV) of
1H0419−577 shows a larger flux variability (2 times) than
the iron band (1.4 times). See Fig. 2 for unfolded spectra
after correcting for the effective area of the detectors. The
MF state and HF state shows a similar spectral slope at 1–
10 keV band but a very different soft band. By fitting the
broad Kα emission line and the soft excess simultaneously
with only one relxillcp model, we obtained a higher re-
flection fraction for the LF state compared to the higher
flux states. The best-fit reflection fraction for the MF state
spectrum is slightly higher than HF state. The equivalent
width of the Fe Kα also shows a similar correlation with
the source flux level. Such an anti-correlation between the
X-ray band flux and the disc reflection fraction can be ex-
plained by the light-bending effect in the vicinity of the black
hole. The light-bending model has been discussed in previ-
ous literatures. For example, the LF state of 1H0419−577
corresponds to the regime I and I/II discussed in (Mini-
utti & Fabian 2004), where the spectrum is dominated by
the disk reflection component. When the coronal region is
closer to the central black hole, more continuum photons
from the coronal region are lost to the event horizon. Both
the direct emission from the coronal component and the re-
flection component decrease with decreasing flux while the
reflection fraction increases. The light-bending effects have
successfully explained the X-ray spectral variability in oth-
ers sources as well, such as Mrk335 (Parker et al. 2015) and
IRAS13224−3809 (Chiang et al. 2015; Jiang et al. 2018).
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Figure 10. The ratio plots of NuSTAR FPM spectra and Swift
BAT 105-month survey spectrum (15–150 keV) against the best-
fit galactic absorbed power-law model. The cross-calibration con-
stant for BAT is 0.75.
The coronal emission shows an interesting variability
versus flux in different epochs compared with other typi-
cal Seyfert 1 sources: the spectrum is hardest at the HF
flux state (Γ ≈ 1.8) compared to the lower flux states
(Γ ≈ 2.0−2.3), although the MF state spectrum has a slightly
softer continnum than the LF state spectrum. It agrees with
previous analysis of the same source: Walton et al. (2013)
stacked the two archival Suzaku observations, one of which
was taken at a 16% higher flux state than the NuSTAR ob-
servation in this work and the other was at a 7% lower flux
state, and obtained a hard continuum too (Γ = 1.98). Fabian
et al. (2005) analyzed the first orbits of the XMM-Newton
observations, which were taken at this source’s lowest flux
state, and obtained a very soft continuum (Γ ≈ 2.2). The
continuum emissions are commonly found to be softer at
higher luminosities (e.g. Shemmer et al. 2006). For example,
the narrow-line Seyfert 1 IRAS 13224−3809 accretes at an
accretion rate around the Eddington limit and shows a softer
continuum at higher X-ray luminosities (Jiang et al. 2018).
One explanation for an exception, as in 1H0419−577, is a
possible advective flow in the innermost region (Esin et al.
1997; Narayan 2005). The Compton parameter in such a
flow increases as the accretion rate increases and thus pro-
duces a harder continuum. This scenario applies to either
XRBs in the intermediate hard state or AGNs with a low ac-
cretion rate. Indeed the harder-when-brighter continuum is
commonly seen in low-luminosity AGNs (e.g. Lx/LEdd < 10−2
Connolly et al. 2016). However 1H0419−577 has a very high
accretion rate. The detection of a broad iron Kα emission
line, a strong soft excess and high UV flux in its broad band
SED (Turner et al. 2018) indicate the existence of an in-
ner disc. A second explanation is potential jet contribution
to the X-ray spectrum (e.g. Krawczynski et al. 2004; Zhang
et al. 2006). However 1H0419−577 is a radio-quiet source
with no significant detection of a radio jet. Additional ob-
servations covering more flux states of this source will be
required to confirm and study the origin of the harder-when-
brighter continuum.
4.4 Low high-energy cutoff
In this work, we fitted the broad band spectra carefully with
the relativistic reflection model relxillcp and tested any
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possible degeneracy between the energy cutoff and the disc
reflection fraction by conducting an MCMC analysis. A low
energy spectral turn-over could be due to either a cool coro-
nal temperature or a reflection dominated spectrum. We
conclude that the HF NuSTAR observation shows a cool
corona with a temperature of kT = 30+22−7 keV and a disc re-
flection fraction of frefl = 2.8+1.0−1.3, precluding the very high
reflection scenario.
In order to seek for any possible variability of the energy
cutoff Ecut in a long timescale, we fitted the Swift 105-month
BAT spectrum (Oh et al. 2018) together with the NuSTAR
spectrum. The ratio plot is shown in Fig. 10. The Swift BAT
spectrum shows a very steep soft spectral shape and agrees
with the NuSTAR FPM spectra above 30 keV. More NuS-
TAR observations are required to confirm any variability of
Ecut in a wider flux range (e.g. Fabian et al. 2017).
Such a low energy cutoff is also seen in other sources,
such as Ark564 (Kara et al. 2017, kT = 15 ± 2 keV),
GRS 1734−292 (Tortosa et al. 2017, kT = 11.9+1.2−0.9 keV),
IRAS 13197−1627 (kT < 42 keV Walton et al. 2018), and
4C 50.55 (Tazaki et al. 2010, kT ≈ 30 keV). Except the
Seyfert 1 galaxy GRS 1734−292 (λEdd ≈ 0.03) and the Seyfert
1.8 Galaxy IRAS 13197−1627 (λEdd ≈ 0.05−0.1), all the other
sources mentioned above are accreting at a very high accre-
tion rate. A very extreme example is the narrow line Seyfert
1 galaxy Ark564 which accretes at the Eddington limit and
shows the coolest coronal temperature so far. One possibility
is that a high accretion rate disc is cooling down the coro-
nal region more than a low accretion rate disc by providing
more seed photons.
4.5 Future observations
In this work, we successfully explained the spectral vari-
ability, especially the soft band, with the combination of a
variable disc reflection model and a thin warm absorber.
The strong soft excess and soft band variability make this
source a promising candidate with detections of disc rever-
beration lags, as seen in other sources, such as 1H0707−495
(e.g. Fabian et al. 2013; Kara et al. 2013) and Ark564 (e.g.
Kara et al. 2017). However a large black hole mass > 108M
means a much longer observation is needed to detect any
reverberation lag compared with the narrow-line Seyfert 1
galaxies mentioned above. Moreover, the hard band NuS-
TAR spectrum of 1H0419−577 reveals a cool coronal region.
More NuSTAR observations at different flux states are re-
quired to monitor possible variation on the coronal temper-
ature.
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